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Abstract

The microphysical parameterization of clouds and raincells plays a central role
in atmospheric forward radiative transfer models used in calculating passive microwave
brightness temperatures. The absorption and scattering properties of a hydrometeor-laden
atmosphere are governed by particle phase, size distribution, aggregate density, shape, and
dielectric constant. This study identifics the sensitivity of brightness temperatures with
respect to the microphysical clowd parameterization. Cloud parameterizations for wideband
(6-410 GHz) observations of bascline brightness temperatures were studied for four
evolutionary stages of an oceanic convective storm using a five-phase hydrometeor model
in a planar-stratified scattering-based radiative transfer model. llive other microphysical
cloud parameterizations were compared to the baseline calculations to evaluate brightness
temperature sensitivity to gross changes in the hydrometeor size distributions and the
ice-air-water ratios in the frozen or partly frozen phase. The comparison shows that
enlarging the rain drop size or adding water to the partly frozen hyvdrometeor TN WA
brightness temperatures by up to 55 I at 6 GHz. The cooling signature caused by ice
scattering intensifies with increasing ice concentrations and at higher frequencies. An
additional comparison to measured Convection and Maisture Experiment (C AMIEX-3)
brightness temperatures shows that in general all but two parameterizations produce
calculated T’s that lall within the observed clear-air minima and maxima. The exceptions

are for parameterizations that enhance the scattering characteristics of frozen hydrometeors.



1. Introduction

Over the past four decades, significant effort has been devoted to understanding
the microphysical cloud characteristics of convective storms (e.g., Joss et al. 1968; Adler
et al. 1991; Rutledge and Hobbs 1931). The microphysics of clouds is of considerable
interest in a wide range of interdisciplinary studies. These studies include improving global
climate models for understanding climate variability, investigating the role of hydrometers
in lightning generation, examining chemical interactions and rain evolution in clouds for
pollution research, studyving radar and lidar remote sensing applications. and developing

precipitation parameter retrievals from satellite-basced passive microwave imagery.

Of interest here is improving our understanding of the relationships between the
microphysics of hydrometeors in a convective storm and the upwelling microwave brightness
temperatures for the purposes of rain rate and precipitation parameter retrieval. A
comprehensive understanding of these relationships is hindered by the lack of accurate and
sufficiently detailed atmospheric microphysical profile truth (Smith et al. 1992; Evans et al.
1995). Difficulties in obtaining microphysical cloud profile truth for convective systems
steni from limitations in remotelyv seused measurernents, aicerali scaunling capabilities.
and the extremelyv inhomogencous and complex nature of convection (Kuo et al. 1997;
Landsburg 1981). The dyvnamics of convection complicate the (n sity measzureients of
hyvdrometeor size, shape. total water content and the ice-air-water ratio. and Nyvquist spatial

and temporal sampling of these quantities remains o {ormidable challenge.

A microphysical cloud parameterization requires specifying the size distributions
and ice-air-water ratios for each hvdrometeor type at each atmospheric level along with
vertical profiles of temperature, relative humidity. and pressure. Parameterizations
have been developed using knowledge from in situ, radar, and lidar observations as
well as statistics from physical models of particle growth and coalescence. BEarly cloud
parameterizations (e.g., Wilheit ot al. 1977) allowed for a uniform rain laver and separate
cloud water layer with no ice particles. Later models added an ice layer (e.g.. Wilheit et al.

1982; Weinman and Davies 1973; Gasiewski and Staelin 1990; Bauer and Schluessel 1993).

Contemporary microphysical cloud parameterizations allow for multiple liquid and
ice phases (e.g., Adler et al. 1991: Smith et al. 1992 Skofronick-Jackson and Gasiewski

1995; Ferrier et al. 1995). Several rescarch studies have indicated that five hydrometeor



phases adequately represent a convective storm (McCumber et al. 1991: Evans et al. 1995)
from the standpoint of passive microwave signatures. The five hydrometeor phases are
generally classified as cloud water, rain drops, cloud ice, snow (or ice aggregates), and
graupel (including hail). The rain drops are commonly modeled by the Marshall and Palmer
(1948) (MP) size distribution. However there appear to be no universally accepted size
distributions or ice-air-water ratios for the other four hydrometeor types (IXuo et al. 1997).
While similar, the microphysical parameterizations used by radiative transfer modelers are

generally accurate for only specific storm occurrences.

As satellite passive microwave sensing of rain rate and other precipitation
parameters (e.g., celltop altitude, see Gasiewski and Staelin {1989)) matures it is important
to understand the impact of the various common hydrometeor parameterizations on the
upwelling microwave brightness. Accordingly, the purpose of this work is to study the
sensitivity of computed microwave brightness temperatures to changes in the microphysical
parameters. The analysis of these changes is facilitated using wideband microwave
aircraft data. Since identifving the hest parameterization requires detailed collocated and
coincident in situ, radar, and radiometer observations, we focus on identilving a plausible
class of parameterizations rather than the best single parameterization. Indeed, cloud
parameterizations are case specific. The work of Prasad et al. (1995) and Meneghini et al.
(1997) are two examples where parameterizations that best match casc-specific radiometer
observations have been determined. Fyen though an optimal parameterization cannot be

identified in this study, inappropriate and unrealistic parameterizations can be identified.

In studying microphysical cloud parameterizations and their effeet on computed
brightness temperatures, a planar-stratified atmosphere and a mid-latitnde oceanic
surface are assumed. The simple planar model is adequate for all but the most localized
cumuluform convection. The highly reflective oceanic background provides greater
sensitivity to hydrometeor scattering and absorption than would a land background, and
thus represents the more conservative of the two backgrounds. For comparison purposes.
four cloud profiles are selected to represent the early cunulus. evolving. mature and
dissipating stages of a convective storm. Six microphysical cloud paramecterizations were
selected for usc in evaluating brightness temperature sensitivities to the hvdromeéteor
size parameters, and frozen particle ice-air-water ratios. A five-hydrometcor-phase (cloud
water, rain, cloud ice, dry snow, and dry graupel) parameterization is considered to be

the baseline case (parameterization #1). This case uses the MP distribution for rain.



modified MP distributions for snow and graupel, and monodispersions for cloud water and
cloud ice. The ice-air-water ratio for snow and graupel are 10%-90%-0% and 40%-60%-0%,
respectively. The other parameterizations are obtained using the following variations:

(2) the Joss et al. (1968) thunderstorm rain drop size distribution (instead of MP), (3) the
Sekhon-Srivastava (SS) size distribution for snow and graupel (instead of the modified
MP size distribution), (4) a doubling of the percentage of ice in the ice-air-water ratios
of snow and graupel to 20%-80%-0% and 80%-20%-0%, respectively, (5) the addition of
a temperature-dependent amount of water to the snow and graupcl components. and

(6) a simple two-phase model that allows for only rain and ice hydrometeors. Brightness
temperatures at twelve frequencies (6.0, 10.69, 18.7. 23.3. 36.5, 89.0. 150.0. 183.31-F7.0.
220.0, 3254-8.0, 340.0, and 410.0 GiHz) were computed for each of the four cloud stages and
six parameterizations using the planar-siratified scattering-based radiative transfer model
of Gasiewski and Staclin (1990). We discuss herein the variations in brightness temperature
values when the microphysical cloud parameterization is changed in the radiative transfer
calculations.

While convective storms under different prevailing conditions {c.o.. tropical. mid-
latitude, maritime. or continental) have differing hydrometeor characteristics, ihis study
nonetheless identifies several issues. Iirst, in order to select the proper parameterization
for any specific condition, cue requires a set of detailed atinospheric truth profiles along
with a collocated and coincident set of brightness temperature observations. Second. the
choice of diclectric mixing theory models for mixed-phase hydrometeors greatly impacts the
high frequency channels. Third. we show the sensitive relationship between the brightness
temperature and the underlying rain rate. In identifying these issues we first briefly
describe the radiative transfer model and calculations, including the ocean surface and
top-of-atmosphere conditions. Dielectric mixing theory for Leterogeneous snow and graupel
particles is outlined. Section 3 details the six microphysical cloud paramecterizations. The
absorption and scattering coeflicients for selected parameterizations arc also presented
in this section. The comparison among the six parameterizations {Section 4) and to the

aircraft data (Section 5) is described with a summary in Section 6.
2. Radiative Transfer Model

The planar-stratified radiative transfer (RT) model developed by Gasiewski and

Staelin (1990) is used to compnie the upwelling brightness temperature (1g) vectors.



In this iterative model, scattering is considered 1o be a perturbation to the clear-air Tg
solution (Gasiewski and Staelin 1990; [iou 1980). To simplify the analysis the brightness
temperature observation angle was assumed to be nadir (# = 0°) and horizontally-finite
cloud structures were not considered. The aggregate absorption and scattering coefficients
of the atmosphere (K., K, respectively) are obtained from the atmospheric state at each
level. The aggregate absorption and scattering coefficients are equal to the algebraic sum
of all the individual hydrometeor absorption and scattering coefficients. The algebraic
sum can be used because the hvdrometeors are randomly distributed and thus scatter
incoherently. The aggregate cocflicients are given by:

1
No = ko, +8Kmo+ Z ta, (1)
h=
H
A‘s == K‘Sh M (2)
1

h=
where r,, and x;, denote the absorption and scattering contributed by an individual
atmospheric coustituent or hydromieteor type £, and I is the number of hvdrometeor types

modeled.

The individual absorption (#,, ) and scattering (s, ) coctlicients are governed by
the size distribution, density, shape. and dielectric constant of both gases and hydrometeors.
Water vapor and oxygen absorb electromagnetic radiation as described by Liebe (1987) and
Rosenkranz (1988), and denoted by Koo and #a,  (Tespectively). Polydispersive particle
size distributions are assumed for the cloud particles. The absorption and scatlering
cocfficients are determined by integrating the Mie efficiencies over the polvdispersive size
distribution (Gasiewski 1993). In practice. simplified numerical caleulations are available
using Rayleigh theory (Wiscombe 1980) for electrically small particles, (i.c., (D) « O—_l—lj or

the reformulated Mie equations from Diermendjian (1969) for electrically large particles.

The particle size distribution (PSD), or number density of particles within the
diameter range D to D) + dD. is modeled by a decaying inverse exponential function:
N (D) = Ny e P (e (3)
where (Rutledge and Hobbs 1081)

An = [mpu No /ALY (em™Y) = (D). (4)

In the above, A} is the partial density in g/em?® of hydrometeor tvpe h. p, is the average

. . . . . 3 v . I . e .
intrinsic density in g/cm?, Ny in em™'is a multiplier, and () is the average hydrometeor



diameter for the ensemble. The subscript i is used to distinguish among the various classes
of hydrometeors (e.g., pw, pr. pi, ps, and p, for the intrinsic density of cloud water, rain, ice,
snow, and graupel, respectively). For large particle diameters (i.e., greater than ~0.5 mm
in diameter and for frequencies hetween ~10 and ~300 Gllz the liquid scattering coefficient
Ky is slightly greater than the liqnid absorption coefficient &, (Gasiewski 1993), otherwise
liquid absorption is greater than liquid scattering. Ice scattering dominates ice absorption
for all microwave frequencies and particle sizes. The relationship between the aggregate
scattering coefficient Ky and aggregate absorption coefficient K, can be used to indicate if

radiative cooling from scattering or warming from absorption will occur.

The complex dielectric constant needed to compute K, and A, is a function of
frequency, temperature, and the constituent materials of the hydrometeor (c.g., water, ice,
or a heterogencous mixture of ice and air and/or water). Diclectric coustants for liquid and
homogeneous ice hydrometcors are casily obtained using available Debye reiaxation formulac
or tables (Lane and Saxton 1952: Warren 1984). In contrast, heterogeneons hydrometeors
require the use of dielectric mixing theory. A dielectric mixing theory appropriate for
precipitation-sized particles is the explicit Maxwell-Garuett formula (Bohren and Battan
1980) which is equivalent to the implicit Rayleigh mixing formuala. Altheaeh mixing theories
exist for ellipsoidal particles or multilayer spheroidal inclusions (Sihvola 1989), the use of
such detailed models warrants separate study. The Maxwell-Garnett mixing theory states
that given a host material with dielectric constant ¢ and dielectric inclusions ¢; with size
[ < A the effective dielectric constant is:

Ll
3.0v \’1-1-2‘0)

—
Ut
-~

Cr/j’ = 10+
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’ \e1+2¢en

where v i1s the volume fraction of the inclusions (Sihvola 1989). [n this work we assume

;.

temperature dependent ice-air-water ratios.

The above mixing formula (5) breaks down at high frequencies where the
wavelength is smaller than the size of the inclusions. A more appropriate dielectric mixing
theory for high frequencies is that of Goedecke and O Brien {1988). however such a
computationally-intensive mixing theory is unnecessary due to constraints on the inclusion
size. I'or large graupel we may have, e.g., (D) = 4 mm. If we assume that [ < (D)/4, then
we can satisly [ < A for all but the highest frequencies of concorn and the largest particles.
Moreover, since the higher frequencies are unable to probe to the cloud depths where the

largest particles exist, the mixing theory in (6) as used in this study is valid.

§



3. Microphysical Cloud Parameterizations

As RT cloud models developed, the complexity of the cloud parameterizations
increased from two-phases (e.g., Wilheit et al. 1982; Gasiewski and Staelin 1990; Bauer
and Schluessel 1993) that included only liquid and ice spheres to multiple liquid and ice
phases (e.g., Adler et al. 199t; Smith et al. 1992; Evans et al. 1995) and non-spherical
ice particles (Evans et al. 1995). Within the class of spherical particle models the
multiple natural phases of liquid and ice hydrometeors are well represented by a five-phase
parameterization that allows for non-precipitating cloud water, rain. non-precipitating
ice, dry snow. and dry graupel. The last of these consiituents is essentially hail with
entrained air (Rutledge and Hobbs 1934; Adler et al. 1991). While the use of spherically
symmetric particles is somewhat idealized, this simplification allows the important effects
of particle size distribution and diclectric constitution to be considered separately from that

of aspherical particle orientation.

We assume that rain. snow. and graupel hvdrometeors have the exponential size
distributions of Rutledge and Hobbs (1984) given in Equs. 3 and 4 witly parameters N,
and py given in Table 1. The ice-airwater ratios for cloud water. rain. clond ice, snow. and
graupel are 0-0-100%, 0-0-100%. 100-0-0%, 10-90-0%, and 10-50-0% respectively. The cloud
particles have a fixed mean diameter of (D) = 0.002 cm = (A)7F and thus are small encugh
to advect with the airflow. The parameters N, and N; (the number of density particles)

vary to account for the differing mass densities M, and ;.

The six microphysical parameterizations investigated in this studyv are presented in
Table 2. All parameterizations use the same underlying storm profile data. The previously
described five-phase model with dry snow and dry graupel is considered the bascline case
(case 1) because of its general acceptance and use elsewhere {Adler et al. 1991; McCumber
et al. 1991). Furthermore, brightness temperature values obtained with this five phase
model are corroborated by low frequency aircraft observations (Skofronick-Jackson and
Gasiewski 1995). Parameterizations 2 5 are identical to the five-phase hascline case, except
for the modifications described below. Parameterizations 2 and 3 have modified particle size
distributions as follows: For parameterization 2 we use the (Joss et al. 1968) thunderstorm
size distribution for rain. and for parameterization 3 we nse the Sekhon and Srivastava
(1970, SS) size distribution for the dry snow and graupel. The Joss thunderstorm size

distribution favors fewer small-sized particles and more large-sized particles than the MD



size distribution. For parameterization 3, ice particles are assumed to he solid spheres
with an S5 distribution: N} = 6.4 x 10734,779% (ecm™") and A; = 11.9M,7952 (¢cm™!).
The 58 size distribution is an equivalent liquid-sphere size distribution for snowflakes near
the ground that yields precipitation rates that are consistent with measured snowflake
terminal velocities (Sekhon and Srivastava 1970). The SS size distribution leads to more

smaller-sized particles than the modified MP distributions of the five-phase case.

There are two parameterizations (4 and 5) with varied air-ice-water ratios in
snow and graupel. Parameterization 4 doubles the percentage of snow and graupel such
that p, = 0.2 g/m® and p, = 0.8 g/m” (i.e., ice-air-waler ratios of 20% S0%- 0% and
80% -20%-0%, respectively} making the snow and graupel hwdrometeors more typical of
aggregates and hail (McCumber et al. 1991). Doubling the ice percentage will increase
the scattering coeflicient with respect 1o parameterization 1. Parameterization 5 adds a
wetness percentage (W) to the snow and graupel particles as a function of the atmospheric

temperature (in K):

0.0 for 17" << —15C (6)
W% = T 25515 for — 1590 « T <o

15.0 for T > 0°C

The ice-air-water ratios are adjusted by removing W from the air percentage and adding
the same amount to the water percentage. The Mavwell-Garnett dielectric mixing formula
is applied twice, once with ice inclusions in an air matrix and then with water inclusions
in the air-ice matrix. Adding water will increase the absorption coefficient and cause
brightness temperature warming. This “wet” parameterization nmiodels snow and graupel
absorption within the melting laver. Melting effects are the basis for the brightband near

the melting level in radar metcorology.

Finally parameterization 6 linps the ice. snow, and graupel into solid spherical
frozen hydrometeors with thie SS size distribution. similarly. the rain and cloud water are
combined to form a single rain phase with a MP distribution. This parainelerization is
included to provide intercomparison with the two-phase parameterizations commonly used

in many previous studies.

The microphysical cloud data used in the six cloud parameterizations is from Lhe

Goddard Cloud Ensemble (GCE) sinndation of a conveetive tropical squall (Adler cr al.



1991; Tao and Simpson 1993). The microphysical information at cach point in a storm
frame includes height, temperature. relative humidity, and the partial density M, for cloud
water, rain, ice, snow, and graupel (Tao and Simpson 1993). The vertical profiles extend
from the ocean surface to between 12 and 20 km and have a varying altitude spacing that is
smaller (< 1 km) where convective clouds exist. At the lower boundary of the GCE profile
data a calm ocean surface at 187C! is assumed. A calm surface is defined by a wind speed
< 7 m/s causing no significant surface roughness. The boundary condition at the top of the

atmosphere is the cosmic background temperature of 2.73 I\,
4. Comparisons

Comparisons focus on four evolutionary profiles from the three-dimensional GCE
data. Fach of the four evolutionary stages provides a distinet “snapshot”™ of the storm. The
cumulus stage (C) (Iig. la) has low rain and graupel densities. but significant suspended
cloud water. The large cloud water concentration is representative of a storm carly in its
evolution. The evolving stage (I3) (Fig. 1b) has much rain but little ice or oraupel and
represents a storm further in its carly development. The mature stage (M) (Iig. 1¢) has
high rain densities at low altitudes {< kim) and high eraupel densities between 4 and
10 km. This profile is representative of a storm at peak convection (Adler et al. 1991).
Finally, the dissipating stage {D) (Pig. 1d) has moderate low-altitude rah; and significant
graupel at mid-level altitudes. It is representative of a weakening post-convective storm
with a developing anvil region. The GCE temperature and relative humidiiy profiles for the
four stages are shown in Fig. 2. The temperature prefiles show little variation. while the
relative humidity profiles show variation similar to the cloud water and rain profiles. The
rain rates and integrated ice contents of the four storm stages are provided in Table 3.

Nadir brightness temperatures at twelve microwave frequencies (6.0, 10.69, 18.7.
23.8, 36.5, 89. 150.0, 183.31047.0. 220.0, 325+8.0, 340.0. and 410.0 Gilz) were compted
for each of the four stages and six microphysical parameterizations. A comparison of the
computed brightness temperature valnes for each of the frequencies follows in Iigures 3a -3
L. The plot for each [requency presents the T values as a lunction of the paranieterizations.
The symbols. x, O, o, A indicate storm stage C (cumnulus), E (evolving). M (mature), and
D (dissipating), respectively. The T values are presented as perturbations from clear air
values. Not including the data to the right of the dotted line, (to be discussed in Section

5), two tables have been developed 1o mtercompare the parameterizations, storm stages,



and Tp values at each frequency. Table 4 details the Ty variations for each frequency over
the six microphysical parameterizations. while Table 5 provides a summary of the effects of
each parameterization for the four stages. Tables 4 and 5 use parameterization 1 as the

reference. A brief textual summary of 'ig. 3 and Tables 4 and 5 follows.

A summary of T responses from low to high frequency follows from Fig. 3. At
6 GHz a warming response duc to absorption from only the highest densities and thus the
largest rain drops is expected. The absorptive signature of rain at 10.69 GHz is significant.
Liquid scattering (cooling) occurs when the size of the rain drop exceeds 0.5 mm or the
rain rate exceeds ~30 mm/hr (Gasicwski 1993). Thus the bulk liquid scattering coeflicient
at 10 GHz is only weakly dependent on the hydrometeor size. Ice scattering should
not be a prominent contributor to the signature at 10 GHz unless the density of ice is
extremely high. At 18 GIIz. scattering from only the largest ice particles begins to cause
cooling (Adler et al. 1991; Smith et al. 1992). The 23.8 Gllz water vapor channel is very
sensitive to clond water and the ice scattering signature increases. Thus. the stage with
the largest amount of cloud water and the fewest frozen hydrometeors (stage C) shows the
warmest Ty values at 23.8 GHz across all parameterizations. At 36.5 (Hz the effects of ice
scattering are cousiderable and start to cancel the absorplive warniing due to rain. For the
89 GHz channel, scattering dominates the spectral signature while Jiguid water absorption
plays only a minor vole. Above 89 Gz, the scattering signature is stronger than the
absorptive warming signature and all 7% values are below the clear air 'y values (negative
perturbation values). Above 220 Gllz, the Ty variability among all six parameterizations
and four stages is reduced. The compression is caused by an increasing sensitivity to
hydrometeor size and increasing clond-top opacity as wavelength decreases. This sensitivity
can saturate the response to clond and hydrometeor particles at these higher frequencies.
The large opacity also precludes probing into the highly variable Jower levels of the storm.
The cloud top opacity also explains why the Tg variations of the early cumulus profile

(stage C, with its limited ice), arc not strongly compressed.

Table 4 identifies changes of more than 5 I with respect to parameterization 1.
This table shows that the Joss PSD (parameterization 2) only affects [requencies at or
below 36.5 GHz. The Joss parameterization warms all storm stages at 6 (iHz and warms
the 10 and 18 Gllz channels when the rain rate is low (stages (' and D). The Joss PSD
cools T values at the higher frequencies when the rain rate is bigh since it produces larger

drops that increase scattering.



The SS PSD (parameterization 3) produces warmer Tg values for frequencies at
and above 18.7 GHz because the SS PSD generates smaller snow and graupel particles than
does parameterization 1. At the lower frequencies only storm stages with significant ice are
warmed (stages E, M, D). However at higher frequencics (> 150 GHz), the SS PSD does
not change the Tp values of stage M hecause ice scattering reaches saturation regardless of

the ice PSD.

On the other hand, parameterization 4 causes cooling at all frequencies above
6.0 GHz. The increased ice percentage in the snow and graupel particles senerates increased
scattering. There is less than a 5 X response for storm stage C for [requencies below
o 1 o I
36.5 GHz because stage (' has little snow and graupel. At 110 GHz saluration results in a
grauj

minimal variation (< 5 K) for stage M.

For parameterization 5 the snow and graupel have a variable liguid water fraction,
and a general warming of the 7% values occurs. There is a sinsle incidence of a decreased
Tp value at 10 GHz. This is likely due to the fact that the “1oclted” snow and graupel
particles appear to be large rain drops at 10 Glz—large enough to canse some scattering.
Since the higher frequencies respond to the high-altitude fozen hvdrometeors, there is littic

change in the high frequency 7’5 values from parameterization 1 to parameterization 3.

Table 5 reinforces the data in Table 4 while providing details of the relationships
between storm stage and parameterization. Associated with Table 5 is a coded summary

detailing the T'g changes for each storm type as a function of parameterization.
5. Aircraft Intercomparisons

In Fig. 3, nadir 7 perturbations from high-altitude aircraft observations are
plotted to the right of the dotted line for frequencies where observed data is available.
The observations are from the Millimeter-wave Imaging Radiometer ( MIR) (Racette et al.
1996) and the Advanced Microwave Precipitation Radiometer (AMPR) (Spencer et al.
1994) onboard the NASA FER-2. The MIR observed at 89. 150, 183.3141. +3, +£7. 220,
and 340 GHz, while the ANPR observed at 10.7, 19.35. 37 and 85.5 GHz. Observations
are obtained during the CAMIIN-3 cxperiment (Geerts et al. 2000) on 26 August 1998
and 17 September 1998, The observations are roughly categorized into cumulus, evolving,
mature, and dissipating stages. The ohserved Ty minimum and maximnm perturbations are

indicated with matching cloud stage svinbols and a line joiniug the mininia and maxima.
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Several features of the observed versus computed data are enumerated. First,
most of the calculations are within the minimum and maximum observed values indicating
that the parameterizations are appropriate in most cases. Second, for 220 and 340 GHz the
calculated values are well within the observed minima and maxima for all parameterizations.
This observation suggests increasing the complexity of frozen hydrometeor PSDs and their
air-ice-water mixtures in simulated cloud profiles and thus the resulting 7’5 ranges. Next
note that for parameterization 4 the calculated T values are too cool for most of the stages
and frequencies between 18 and 89 GHz. This observation implies that parameterization
4 produces too much ice scattering at the low and middle frequencies. Similarly, the
two-phase model {parameterization #6) produces T values warmer than the maxima
of the 10 and 18 GHz observations for the cumulus and cvolving stages and cooler than
the minima for most of the stages and the mid-frequencies (18-150 GlHzj. A plausible
explanation is that combining the rain and cloud water increases absorptive warming, while
combining the cloud ice, snow, and graupel densities increases scattering and cooling. Since
parameterization 6 is consistently outside the minima and maxina of the observations
we conclude that it is not as applicable as the others for the cloud conditions observed
during CAMEX. Finally, there are several individual stages and freqnencies wherein the
computed Tg do not fall within the observed minima aud maxima, in particular: at 10
GHz for stage E; at 36 GHz for stages M and D; and at 89 GHy for stages I8 and D. These
consistencies could mean that the observation stages were madequately categorized isito
cumulus, evolving, mature, and dissipating stages or that the parameterizations studied
do not model the true microphysics of the observations. Only with detailed comeident 7x

observations and in sifu PSD measurements can some of the inconsistencies be understood.
6. Summary

An investigation into how microphysical cloud parameterizations alfect calculated
oceanic microwave brightness temperature values was presented. Brightness temperatures
at twelve frequencies between 6.0 and 110.0 GHz were compuied for four storm stages
obtained from the simulated GCI data set of Tao and Simpson (1989). The four profiles
used in the comparison represent a convective storm in its early cumulus. evolving, mature.

and dissipating stages.

The densities of the five hvdrometeor types of the GCE data were converted into

six different microphysical cloud parameterizations. The parameterizations were designed

19
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to evaluate brightness temperature sensitivity to particle size distributions and ice-air-water
ratios. A comparison among the six parameterizations, four convective storm stages, and
twelve frequencies was performed. A five hydrometeor-phase parameterization (Adler et al.

1991; Skofronick-Jackson and Gasiewski 1995) was considered as the baseline case.

The comparisons generally showed that increasing the emphasis of water or rain
warmed the brightness temperatures. When the size distribution of rain was changed to that
of the Joss et al. thunderstorm size distribution (which favors larger particle diameters),
the Ts values at 6 GHz were warmed by up to 55 K. At 18 and 23.8 Gllz the larger-sized
Joss particles initiate liquid scatiering more so than the smaller-sized M size distribution.
resulting in a small T’z cooling. From 10.69 GHz to 36.5 GHz, a transition from mostly
absorptive (characterized by warmer 75 values) to mostly scatiering (characterized by
cooler Ty values) occurs. At stage (! (the early cumulus piofile). a change from having
the coolest 7T at 10.69 GHz for all parameterizations and pixels (because there is litile
absorptive warnming) to having the warmest T values at 36.5 Gliz (hecanse there is little
scattering) occurs. Above 36.5 GlIz changes in the rain deap size distribution initiated no
differences in the 7'g values with respect to the five-phase 1odel due to the strong scattering
signatures of storm-top ice at these higher frequencies. Adding lignid water to the snow

and graupel hydrometeors caused absorptive warming at the low and mid-frequencices.

From 89 GHz to 220 GHz the scattering signature is stronger than the absorptive
warming signature. The comparison showed that the cooling sienature due to ice scattering
at higher frequencies was increased with larger ice concentrations. The ice concentration
rose when additional ice was allocated to the ice-air-water ratio. Above 220 GHz the Tr
variability among all six parameterizations and four stages was reduced. The compression
was caused by an increasing scusitivity to hydrometeor size as wavelength decreased. This

increasing sensitivity caused an increased opacity at the higher frequencies.

Finally, a comparison of the calculated Ty values with available observed 15
values from the CAMEN-3 experiment showed acceptable agreement for most stages and
parameterizations. Iixceptions occwrred for the doubled ice-ratio parameterization and
the two-phase parameterization. These two parameterizations consistently vielded Ty
values outside the range of the observed minima and maxima. indicating that they are less
physically realistic than the others. Another interesting feature is that the 220 and 340 GHz

T’y calculations are well within the minimums and maximins of the observations providing

13



an argument for increasing the diversity and complexity of frozen hvdrometeors in convective
cloud profiles. (The parameterizations used herein do not provide enough diversity at
these frequencies.) Finally, there are a few stages/parameterizations/frequencies whose
calculations do not fall within the observed minima and maxima. These few inconsistent
cases could mean that the clouds were inadequately categorized into cumulus, evolving,
mature, and/or dissipating stages or that the parameterizations are not modeling the true
cloud microphysics for all cases. A detailed coincident set of T observations and in situ

PSD measurements might be used to further refine cloud microphysical parameterizations.
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Figure 1: The microphysical vertical profiles of the cloud water, rain, cloud ice, snow, and

graupel densities for stage C, stage I, stage M, and stage D.
Figure 2: The temperature and relative humidity profiles for the four cloud stages.

Figure 3: The brightness temperature perturbations from clear air for the four stages and six
parameterizations at (a) 6.0 GIz, (1) 10.69 GHz, (c) 18.7 GHz, (d) 23.8 (iHz, (e) 36.5 GHz,
(f) 89.0 GHaz, (g) 150.0 GHz, (h) 183.3147.0 GHz, (i) 220.0 GHz. (j) 325.15348.5 GHZ,
(k) 340 GHz, and (1) 410.0 Gllz. The calculations for the various parameterizations are
shown to the left of the dashed line, to the right are the minima and maxima of the observed
CAMEX-3 Ts. The minimum perturbed observed values for the mature IMig. 3g is -184k
and for Fig. 3i is -180k.
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Table 1: Microphysical size distribution parameters.

Hydrometeor Noy, Ph (ry (r)mar
tipe | (=) | (g/em®) | (mm) | (mm)
Rain (MP) 0.08 1.0 0.10 | 448 |
Dry snow 0.04 0.1 0.09 5.94
Dry graupel 0.04 0.4 0.11 5.38

Table 2: The six microphysical cloud parameterizations.

Case

_ Description

1 Five hydrometeor phase model (baseline) with suspended cioud water,
rain, suspended cloud ice (100% ice), dry snow (104 ice. 90%air), and
dry graupel (40%ice. 60% air). Particle size distributions arc provided
in Table 1.

2 Five phase but with rain having a Joss et al. (1965Y thunderstorm |
size distribution. 'This size distribution uses Ny = 0.011 em™ and
Ay = 144907929 =i Fq. 3. |

3 Five phase but with snow and graupel having a Sekhon and Srivastava
(1970) (SS) size distribution, where Neg =061 <1071 et and
Aoy = LLOM 7052 =1,

4 Five phase but with the ice-air-water ratio of snow being 20-80-0% and
the ice-air-water ratio of graupel being 80-20-0%.

5) Five phase but with snow and graupel having liquid percentages as a
function of temperature: for 1' < 258.15 K wetness 11 = 0.0%, for
> 27315 K. 1 = 5% and a linear interpolation of ™ hetween
258.15 and 273.15 K.

6 Two phase with all liquid summed as MP rain and all frozen

hydrometeors summed as SS ice.




Table 3: Surface rain rates and integrated ice contents for the four storm stages.

Stage || Rain Rate | Integrated Ice Content Approximate | Svmbol

(mm/hr) (kg/m?) Stage
C 10.0742 0.5884 Cumulus X
E 80.7251 7.6733 Evolving 0
M 111.3941 28.9451 Mature o
D 50.5127 17.6368 Dissipating JAY

Table 4: Frequency versus parameterization comparison. Stages with less than a 5 K

difference from the baseline five-phase parameterization are indjcated by blanks.

Freq. Parameterization
(GHz) 2 3 4 5 65
6.0 +CIMD +EMD -+(J‘. -M
10.69 +CD, M -EMD M +C, -EMD
18.7 +C, kD +MD ~EMD +C, -EMD
23.8 +EMD | -EMD +D +C0 - EMD
36.5 -C +EMD | ~CEMD | +EMD | - CEMD
89.0 +CEMD | -CEMD | +EMD | - CEMD
150.0 +CED | -CEMD | +ID CED
183.31+7.0 +LID -CEMD +D -CIED
220.0 +CED | -CEMD +D OB
325.15+8.5 +ED ~CEMD +D D
340.0 +CED | ~CEMD Cle
410.0 +I5 -CED | D




Table 5: Summary of T effects for various storm stages and parameterizations.

Comparisons are with respect to parameterization 1.

Stage Parameterization
2 3 14 5 6
Cumulus (x) fa,b| f |i m s, t

Evolving (O) c,di g [j| n,op t

Mature () c.cdig.h{k|n o p.qlt, u

Dissipating (A) [ c.d | g |1 o.p,r |t.u

S
[AN]



Code Table
Code Effect/Interpretation

a  Joss rain PSD warms 75 < 18.7 GHz due to increased absorption for the larger drop.

b The transition from warming due to the larger rain PSD to cooling due to liquid
scattering occurs at 36.5 GHz.

c The upper altitude particles reduce the probing depth at the higher frequencies.

Warming due to the larger rain drop size is only seen at 6 GHz.

d Same as b, but at 10.69 to 36.5 GHz depending on upper altitude hydrometeor content.
e The SS smaller ice sizes warm all window channels > 89 Gllz,
f Same as e but for frequencies > 18.7 GHz due to additional ice in the profile.
g For the mature stage and frequencies > 150 GI7 ice scatlering saturation
occurs for the size distributions of both parameterizations 1 and 2.
h Since stage C has little ice. doubling the ice ratio only affects > 36.5 GHe.
i Doubling the ice ratio increases scattering and reduces Ty for frequencies > 10,60 Gz
J Stage C has a minimally-thin raelting layer, therefore no significant 1y changes.
k Warming due to increased liquid water content for 36.7 130 (..
1 Cloud top ice hydrometcors cause saturation and produce nearly the same 1y

for stages 15, M and frequencies > 150 GHz.
m  Cooling at 10.7 GHz because snow/graupel appear as large raindrops (sece by,
n Warming response is reduced above 89 GHz because the high altitude large ice
particles preclude probing into the melting layer.

o Same as k except for 6.0 (GHz and 23.8-—325 Gz

AI)SOI‘ tive warming (IH(‘ to 1}11'“'(31' '(Il'tiC]CS Of ”l(‘ (‘()II)I)iII(‘(l clond water and ram.
O o
]ncreasc‘ m (TOOlill“ (]1](’ to ]211""(‘[' )EL]'“CIGS associated \\'i”l ”I(" <‘('lI!1|')iI](:‘(l i("(,‘. SIIOW,
o o "

and graupel.

r Scattering saturation causes no significant T change at higher frequencies.
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